Purpose: Red blood cell (RBC) distribution width (RDW) is known to reflect the heterogeneity of RBC volume, which may be associated with cardiovascular events or mortality after myocardial infarction. However, the association between RDW and stroke, especially regarding endpoints such as death, remains ambiguous. This study aimed to explore the prognostic value of RDW and its effect on mortality among patients with acute ischemic stroke (AIS) undergoing intravenous thrombolysis (IVT) after one year. Patients and Methods: We retrospectively reviewed patients with AIS treated with IVT between January 2016 and March 2018. We grouped the patients according to modified ranking scale (MRS) scores as follows:0-2, favorable functional outcome group; and 3-6, unfavorable functional outcome. Predictors were determined using multivariate logistic regression (MVLR). The area under receiver-operating characteristic curve (AUC) was used to evaluate the predictive capability of variables. Furthermore, the Cox proportional hazard model was used to assess the contribution of risk factors to the outcome of death at one year later. Results: MVLR analysis showed that RDW (odds ratio [OR], 1.179; 95% confidence interval [CI], 0.900-1.545; p = 0.232) was not an independent predictor of unfavorable functional outcome, but it (OR 1.371; 95% CI 1.109-1.696; p = 0.004) was an independent biomarker for all-cause mortality. The optimal RDW cut-off value to predict mortality was 14.65% (sensitivity: 42%, specificity: 88.3%, AUC: 0.649, p < 0.001). Furthermore, higher RDW (hazard ratio, 2.860; 95% CI, 1.724-4.745; p < 0.001) indicated a greater risk of death. Conclusion: The baseline RDW is a potential predictor of mortality in patients with AIS undergoing IVT, but RDW might not be associated with worse survival function among stroke survivors, which will help us to improve treatments and the management of patients with AIS.
Introduction
Red blood cell distribution width (RDW) is the most reliable index for differentiating between iron deficiency anemia and thalassemia trait. 1 It has recently been risk of perioperative stroke-related death in patients with valvular heart disease undergoing elective valvular surgery. 8 A previous study has demonstrated a marked increase in the incidence of new-onset heart failure and subsequent death after discharge from hospital in patients with increased RDW. 4 In addition, a recent report has hypothesized that RDW is a dynamic marker of risk in patients with sepsis based on the finding that an increase in RDW from baseline showed a correlation with prolonged hospital stay. 2 Another epidemiologic cohort study has speculated that RDW may be a reliable marker of death not only in chronic conditions, but also in acute diseases. 3 Increased RDW may comprehensively represent a variety of harmful biological mechanisms. Elevated RDW values have been shown to reflect malnutrition, liver failure, and renal dysfunction 9 and to be a possible marker for accelerated red blood cell (RBC) destruction or ineffective RBC production. 10 Emerging literature points to the potential association of RDW with inflammation. 11 Abnormal increases in RDW can lead to carotid intima thickening, which accelerates atherosclerosis-a major risk factor for cerebral infarction. 12, 13 Stroke has been known to be the second leading cause of death and the third leading cause of disability worldwide, 14 however, previous studies have failed to identify the prognostic role of RDW in patients with stroke, especially regarding endpoints such as death, remains ambiguous. In laboratories, RDW is a routinely used index of whole blood count. This parameter can be dynamically monitored with ease because the procedure involved in RDW determination is rapid and inexpensive. If the increased RDW can be used to detect major complications in time to strengthen comprehensive treatment and reduce mortality, the validation of RDW as an effective parameter for predicting outcomes of clinical conditions could have far-reaching implications in clinical diagnostics. The present study was designed to assess the prognostic role of RDW on 1-year mortality in patients with acute ischemic stroke (AIS).
Materials and Methods

Study Design and Population
We retrospectively analyzed the clinical and relevant imaging data of 570 patients with AIS who were treated consecutively with intravenous thrombolysis (IVT) in the First Affiliated Hospital of Wenzhou Medical University between January 2016 and March 2018. The diagnosis of AIS was performed by a neurologist specializing in stroke.
The main inclusion criteria were as follows: age, ≥18 years; onset-to-treatment time, <4.5 h; symptoms of neurological impairment caused by acute cerebral infarction; and informed consent signed by the patient or family member.
Exclusion criteria were as follows: thrombectomy after thrombolysis, active internal hemorrhage, intracranial tumor, cerebral aneurysm or recent cerebral hemorrhage, evidence of active bleeding or trauma (such as fracture) on physical examination, and major surgery in the past two weeks. In addition, cases with incomplete follow-up data and clinical data were excluded.
Finally, 480 patients were included in the current study after excluding 90 patients (20, beyond the therapeutic window; 13, recent cerebral hemorrhage; 6, intracranial tumor; 21, incomplete follow-up data; and 30, incomplete clinical data). The study was approved by the ethics committee of our institution.
The NIH Stroke Scale (NIHSS) score, which has a score range of 0-42, was used to assess the degree of neurological deficit in patients with stroke; the higher the score, the greater the severity of neurological damage. We recorded the patients' NIHSS scores on admission and at discharge. Trial of ORG 10172 in acute stroke treatment classification was performed in all patients.
We grouped the patients according to the modified ranking scale (MRS) scores as follows: 0-2, favorable functional outcome; and 3-6, unfavorable functional outcome.
Patients underwent cranial baseline brain computed tomography (CT)/magnetic resonance (MR) imaging or cerebral vascular examinations (for example, CT angiography, CT perfusion, and MR angiography).
Primary Predictor Variable
Emergency blood samples were collected on admission using an ethylene diamine tetra acetic acid catheter. Within one hour after the sample was collected, the whole blood cell count was performed using an automatic hematology analyzer (Sysmex Company, XE-2100, Japan). We also documented existing comorbidities, such as hypertension, diabetes, hyperlipidemia, and heart disease, and blood pressure and blood sugar at the time of admission, which are risk factors for stroke. The expected value of RDW was 0.0% to 15.0%.
Follow-Up and Study Endpoints
In this study, the recovery of neurological function of all patients after one year was recorded. We classified the MRS scores of 0-2 as a favorable functional outcome and 3-6 as an unfavorable functional outcome; one-year allcause mortality was the primary endpoint. The follow-up data were collected during outpatient visits or using standardized telephone questionnaires.
Statistical Analysis
Continuous variables that followed a normal distribution were expressed as means ± standard deviation (SD) and analyzed by one-way analysis of variance, while continuous variables with a non-normal distribution were represented as median ( 
Results
Clinical Characteristics
In this study, medical records of 480 patients were reviewed and included. The baseline features of all the included patients are shown in Table 1 . Briefly, the median age of the studied patients was 71 (IQR, 16) years, and 37.5% of the patients were women. The median NIHSS score on admission was 7 (IQR, 10) and the mean RDW score was 13.76 (SD, 1.21). Furthermore, 159 subjects were smokers and 144 subjects consumed alcohol.
Association Between RDW Values and Clinical Prognosis
Among the 480 patients included, 242 (MRS,0-2) had a good prognosis and 238 (MRS,3-6) had a poor prognosis. Detailed baseline and clinical characteristics of the patients are summarized in 
Association Between RDW Values and Mortality
The primary endpoint (death) was observed in 55 patients. NIHSS scores at admission (p < 0.001) and discharge (p < 0.001), age (p < 0.001), diabetes (p = 0.026), bleeding transformation (p = 0.011), RDW (p < 0.001), and RBC (p = 0.001) were significantly different, as shown by the univariate analysis. Multivariate analysis showed that NIHSS score at discharge (OR, 1.211; 95% CI, 1.129-1.299; p < 0.001) and age (OR, 1.087; 95% CI, 1.048-1.128; p < 0.001) remained important prognostic factors of mortality. Besides, individuals with higher RDW (OR, 1.371; 95% CI, 1.109-1.696; p = 0.004) had a higher risk of all-cause mortality. The final multivariable model is shown in Table 3 .
Age was highly significant in death assessment. For further analysis, we divided the patients into two groups depending on their age (high: age > 70; low: age ≤ 70) according to the median age. Then, we evaluated the relationship between RDW and death outcome in both the age-based groups. It is interesting to know that after adjusting various confounding variables, RDW value was significantly different in both the groups (age > 70 group: multivariate OR, 1.342; 95% CI, 1.008-1.788; p = 0.044; age ≤ 70 group: multivariate OR, 1.445; 95% CI, 1.034-2.021; p = 0.031).
Based on ROC analysis, the best cut-off RDW value that predicts mortality was 14.65% (AUC = 0.649; 95% CI, 0.569-0.730; p < 0.001). At this threshold, a sensitivity of 42.0% and specificity of 88.3% were observed (Table 4) .
We drew the ROC curve based on the traditional markers of risk (basic NIHSS score + age) and another RDW-rich model (Figure 1 ). After adding new risk markers, there were higher significant correlations with unfavorable clinical outcome (AUC = 0.813; 95% CI, 0.767-0.859; p < 0.001).
Multivariate Cox regression proportional hazard model analyses were further performed after adjusting the possible confounding effect. As predicted, there was a positive correlation between RDW (HR, 2.860; 95% CI, 1.724-4.745; p < 0.001) and mortality risk (Table 5, Figure 2 ).
Discussion
The study suggests that RDW assessment at admission in emergency department (ED) may be an independent biomarker of death in patients with AIS who are treated with IVT.
A study involving 15,852 community-dwellingadults showed that higher RDW was strongly associated with the risk of all-cause mortality. 15 Two previous studies have
shown that an increase in RDW values may increase the incidence rate of a cardiovascular event in people with a coronary disease or heart failure. 9, 16 Furthermore, evidence suggests that RDW could be a novel prognostic biomarker in esophageal and hepatocellular cancer. 17, 18 In addition, two recent reports have demonstrated the effectiveness of RDW in predicting postoperative damage to the central nervoussystem. 19, 20 Moreover, other previous studies have reported that RDW may provide prognostic information for the functional outcome of stroke patients.
21,22
The cause and mechanism underlying the association between RDW and mortality risk are not clearly known yet. Salvagno et al recently summarized the clinical significance of RDW in several biological and metabolic abnormalities, including shorter telomere lengths, increased erythrocyte fragmentation, and release of iron contained in the hemoglobin molecules. 10 Felker et al provided a variety of novel insights into the relationship between RDW and outcome under conditions, such as nutritional deficiencies, renal dysfunction, hepatic congestion, and inflammatory stress. 9 If the patient has a high RDW initially, parenteral nutrition should be actively provided, and the daily energy supply should be guaranteed after admission, which may be helpful in improving the one-yearsurvival rate. In addition, it was reported that oxidative stress might contribute to anisocytosis. 23 A number of indicators, including anemia and RBC levels, have been proposed as strong predictors of cardiovascular disease and mortality in different populations. [24] [25] [26] However, the association between RDW and death was found to be independent of baseline hemoglobin level and mean corpuscularvolume. 27 In addition, in individuals with asymptomatic heart failure, the risk of all-cause mortality from the highest quartile of baseline RDW is nearly 80% higher than that of the lowest quartile, similar to C-reactive protein (CRP). Unlike the detection of new cardiovascular risk factors, RDW detection is cost-effective. 16 RDW was observed to be a better prognostic marker than NT-pro-BNP in patients with pulmonary hypertension and right-sided heart failure. 27 In particular, RDW was found to be an effective and independent predictor of death in pulmonary embolism, which usually requires accurate and rapid identification and timely risk stratification under emergencyconditions. 28 Therefore, in patients with high RDW before thrombolysis, other cardiac indicators may require special attention, and this information can be used to help actively treat the primary disease and identify the cause of stroke. Among the proposed functional outcome measures, higher neutrophil-lymphocyte ratio and platelet distribution width are known to be predictive of clinical outcomes and 3-month mortality in patients with AIS. [29] [30] [31] These indicators, along with RDW values, can be easily measured by conventional whole blood analysis. Therefore, using a prognostic approach that combines these outcome measures to predict long-or short-term mortality in patients with AIS who are treated with IVT would be a more effective, convenient, and innovative alternative to existing clinical diagnostic methods. Nonetheless, the exact physiological mechanism of the relationship between RDWand mortality from ischemic stroke after IVT is unclear. RDW has recently been related to adverse outcomes in patients with atherosclerosis. 12, 13 The RDW value is positively correlated with cholesterol content of the erythrocyte membrane, 32 which increases the volume of the necrotic lipid core and leads to the rupture of atherosclerotic plaque. 33 This information suggests that hyperlipidemia can be observed as early as possible before the vascular condition is evaluated in patients with high RDW, which may be beneficial to their prognosis. Inflammation is a critical issue in atherosclerosis, ischemia, and ischemic stroke. 34, 35 RDW increases the levels of plasma inflammatory biomarkers such as interferon γ and colony-forming unit erythroid cells to reduce endothelial nitric oxide production. 35 Recent studies have shown that RDW levels are correlated with CRP levels. 23, 36, 37 However, because CRP is not a routinely used index for diagnosis in emergencies, the relationship between RDW and CRP was not discussed. This also reminds us that the CRP level should be included in emergency routine evaluation, lung CT scan should be completed as soon as possible, patients'state of inflammatory stress should be acutely observed, and anti-inflammatory treatment should be actively administered. Interestingly, in this study, there was no apparent difference in the level of leukocytes between the two RDW groups. This indicates that the mechanism of association between RDW and mortality is inflammation; to confirm this, further investigation is necessary. Meanwhile, recent studies reported the response of patients with AIS to IVT, 38, 39 higher RBC fraction group showed higher IVT responsiveness. RBC can affect clot stabilization and tPA-inducedfibrinolysis. 40 However, there are very few studies on the effect of RDW on IVT reactivity and lysis of blood clots; thus, further experiments are needed to confirm these findings. We acknowledge that our study has some limitations. First, because of differences in treatment procedures of discharged patients, unknown factors might have affected the results. Second, we did not discuss the relationship between RDW and age in depth, which limited the generalizability of the study's results. Last, we did not explore the role of RDW in inflammation. In future experiments, we will address the above-mentioned limitations to obtain results that are more reliable.
Conclusions
Our study demonstrated that RDW before thrombolysis is an independent predictor of one-year mortality in patients with AIS, rather than a prognostic factor for the severity of strokebased clinical outcomes. Thus, RDW before thrombolysis may be one of the future areas of development that will have potential implications on the stroke mechanism and therapeutic strategy after IVT for patients who are identified as having a high risk of mortality within the first year through RDW testing.
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